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Abstract 
Vattenfall has constructed a 30MWth oxyfuel pilot plant located in Schwarze Pumpe in Germany. The plant has been 
in operation since September 2008. Several test campaigns have been carried out, and in this paper some of the main 
results and conclusions are described together with some points related to operating experience. The results will 
serve as a basis for the design and operation of the 250 MWe oxyfuel demonstration plant to be constructed by 
Vattenfall in Jänschwalde, Germany.  
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1. Introduction 
Vattenfall has constructed an experimental large-scale pilot test facility for detailed investigation of the oxyfuel 
firing process. The plant is located southeast of Berlin in Germany in the vicinity of the existing lignite fired power 
plant Schwarze Pumpe. The pilot plant consists of a single 30MWth, top-mounted PF burner and the subsequent flue 
gas cleaning equipment and CO2 processing. The flue gas cleaning equipment consists of an ESP (Electrostatic 
Precipitator) for particle removal, wet FGD (Flue Gas Desulphurisation) for removal of SO2 and other acidic 
components and the FGC (Flue Gas Condenser) for cooling of the flue gases and removal of water. In addition to 
these components, a CO2 liquefaction plant is placed downstream of the FGC to produce liquid CO2 from the 
cleaned flue gases during oxyfuel operation. A cryogenic ASU located at the site supplies the plant with the gaseous 
oxygen needed for the combustion. The oxyfuel plant is operated with a hot flue gas recycle, with the recycle 
located after the ESP. With this configuration, sulphur-rich recirculation is tested with special attention to effects on 
boiler, ESP and flue gas recycle ducts. Figure 1 shows a schematic process flow diagram of the oxyfuel process as 
built in Schwarze Pumpe and a photo of the plant. 
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Figure 1  Simplified process flow diagram of Vattenfall’s 30 MWth Oxyfuel pilot plant [1], and photo 
showing the plant layout. 
 
 The plant has been in operation since September 2008 and has so far accumulated about 8 000 operating hours 
until August 2010, of which more than 5 000 hrs in oxyfuel mode. The plant has proven that it is possible to operate 
continuously in oxyfuel mode under stable conditions. Start-ups and shut-downs can be well managed. A change-
over sequence from air-firing to oxyfuel firing can be managed within 20 minutes. All permission limit values are 
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met, and necessary CO2 purities for transportation and storage are achieved. The plant technical concept and 
important measurements are described in detail in [2-4]. 
 
The paper will provide an overview of the main findings of the experimental program so far. The results 
generated serve as an important basis for the further design of a 250 MWe oxyfuel demonstration plant under 
planning by Vattenfall, to be constructed at the Jänschwalde Power Station in Germany. 
2. Plant Operation and Control 
The pilot plant can be tested in different operating conditions: Air operation, change-over from Air to Oxyfuel, 
and Oxyfuel operation with flue gas to the atmosphere and Oxyfuel operation with CO2 capture and liquefaction.  
The control of the plant is based on three separate instrumentation and control systems (ASU, Boiler and flue gas, 
CO2 process). Additional expert systems are used for the optimization of individual process components.  
Up to eight flue gas components are measured simultaneously for operational purposes during Air and Oxyfuel 
operation, using fixed flue gas analysers. The measurement principle for the fixed flue gas analysers are based on IR 
photometry, where an IR photometer with frequency and gas filter correlation is used for the measurements 
downstream the ESP (the “hot gas analyser”) and a NDIR analyser is used for the measurements downstream the 
FGD (“cold gas analyzer”). It has been noticed that especially for the “hot gas analyser”, cross-sensitivity of the 
analysed gases has been an issue for the accuracy of the measurements during air and oxyfuel firing. It is required to 
correct the correlation functions to take into account the cross-sensitivity in the expected measurement range. 
According to Vattenfall’s experience, a detailed engineering of the measurement equipment used for operation 
control is necessary, and it is important to ensure that the expected flue gas composition both under air firing and 
oxyfuel firing is taken into account in the design and calibration of the measurement system. This puts additional 
demands on the measurement equipment suppliers.  
In Table 1, the different flue gas compositions during Air and Oxyfuel operating mode are exemplified. It should 
be mentioned that it is expected to reach a further decrease both in CO and NOx concentrations through further 
combustion optimisation:  
Table 1 Flue gas compositions during oxyfuel combustion during air-firing and oxyfuel firing. 
Oxyfuel operation Flue gas compositions Air operation 
downstream ESP downstream ESP downstream FGD downstream FGC 
CO2 14 % 64 % 63 % 87 % 
N2, Ar 73 % ~ 3 % ~ 3 % ~ 4 % 
H2O (g) ~ 9,5 % ~ 29 % ~ 31 % ~ 4 % 
O2 < 4,5 % ~ 3,5 % ~ 3 % < 5 % 
SO2 ~ 1.500 mg/m³ ~ 8.000 mg/m³ < 200 mg/m³ < 100 mg/m³ 
CO < 100 mg/m³ < 200 mg/m³ < 200 mg/m³ < 200 mg/m³ 
NOx  < 200 mg/m³ < 700 mg/m³ < 700 mg/m³ < 700 mg/m³ 
   
Temperature 170 - 190 °C 170 - 190 °C 70 °C 30 °C 
Acid dew point 136 °C 155 °C   
          all % in Vol.-% (w.) and mg/m³ in N. wet 
From Table 1 it can also be seen that a very high CO2 concentration of > 90% (dry basis) can be reached in the 
pilot plant up-stream the CO2 plant. The reasons are: 
 
 high oxygen purity from the ASU (99,5%) 
 very good combustion behavior 
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 implementation of different measures on boiler and ESP to reduce air ingress 
 use of a separate seal gas system 
 use of a separate oxidation tank for the oxidation of the gypsum slurry in the FGD process 
This also leads to that a very high CO2-capture rate (> 92%) can be reached in the CO2 plant. 
3. Air Separation Unit (ASU) Evaluation 
To provide the oxygen needed for the Oxyfuel combustion, a standard cryogenic air separation unit from Linde 
AG is used. The unit produces high purity Oxygen (99,5%) in a two-stage air separation process. To investigate the 
main performance parameters and the interaction with the downstream combustion process, as well as the load 
change capability of the plant, several tests have been performed. 
Generally, the ASU is operated in a constant operation mode without operational intervention. The plant is run 
under stationary operating conditions during the entire test period of the pilot plant and no major problems have 
been encountered during this period. The start-up, shut-down and load-change procedure is mostly automated in the 
control system, but still manual intervention is necessary during these operational procedures, which requires the 
technical support by one or two operators. 
The main focus of the tests performed was the start-up of the plant from warm and cold conditions, the shut-
down of the plant, the evaluation of major mass and energy balances and the evaluation of the load-change 
capability. 
The time to start-up the ASU from warm conditions, where no liquid hold-up in the columns exists and the plant 
is at ambient temperatures, was found to be approximately 3 days. If the plant is started up from cold conditions, 
where cold liquid is still present in the bottom of the columns, the start-up time until the oxygen product is available 
in required quantities and qualities is reduced to approximately 22h. 
A total mass balance has been done for 5 different cases (summer, winter, full and part load). The mass balances 
close below +/- 1% in all cases, which is very good. 
The calculated specific energy consumption of the ASU is considerably higher compared to what is expected for 
an ASU for large scale Oxyfuel processes. This ASU, GOX6600, is a commercial ASU and not designed to achieve 
very low specific energy consumption. There is a very small increase of the specific energy consumption of the 
ASU between summer and winter, of about 1,3% (4,3 kWh/ton O2). Reducing the ASU load to 75% increases the 
specific energy consumption of the ASU by 3.4% (11,3 kWh/ton O2). 
Tests to investigate the load change rate of the ASU has been performed, and has shown that significantly higher 
load change rates than specified can be achieved without significant deviations in O2 product quality. Further tests to 
check the load following capabilities of the ASU are planned. 
4. Burner and Furnace Evaluation 
The combustion tests performed in the oxyfuel pilot have had two main focuses. The first and obvious one has 
been to gain operational experience on oxyfuel combustion mode. The second and as important focus has been that 
based on detailed furnace measurements, identify and quantify the most crucial differences between air and oxyfuel 
firing. Three burners have been tested, one combined swirl/jet burner and one swirl burner both from Alstom, and 
one swirl burner delivered by Hitachi. 
During the commissioning phase and for the first tests, the combined jet-swirl burner from Alstom was used. The 
principal design of the burner is shown to the left in Figure 2. In September 2009 a second burner from Alstom was 
installed. This was a swirl burner with two swirled registers. The burner is shown to the right in Figure 2.  
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Figure 2  The Alstom combined swirl/jet burner to the left and the Alstom swirl burner to the right. 
 
In March 2010, a third burner was installed. This burner is a DS-T burner from Hitachi Power Europe, also a 
swirl burner, see Figure 3. As of writing, the first detailed combustion tests are started for this burner and initial 
evaluation is ongoing. 
The operation of the oxyfuel boiler with the three burners tested so far has proven to be very reliable. A good 
flame ignition and high stability over the entire load range has been achieved. The combustion system could be 
safely operated over a wide operating range both during Air operation, and during the various settings in Oxyfuel 
operating mode.  
Figure 3  The Hitachi DS-T burner. Source: Hitachi Power Europe. 
The main combustion investigations so far have been performed during operation of the swirl burner from 
Alstom. The operated range regarding O2 in oxidant and excess O2 in the flue gasses is shown in Figure 4.  
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Figure 4 Operating range regarding O2 in oxidant and excess O2 in the flue gasses after ESP for Alstom’s 
swirl burner. 
Through operation in the so-called “expert mode”, which means individual control of the O2 concentrations in the 
burner registers and in the Over Fire Air ports, it has been possible to decrease the excess oxygen level at the end of 
the furnace. It is possible to vary the overall oxygen in oxidant concentration in this operating mode, and the 
influence of varying flue gas recycle rate on the furnace operation and heat transfer can be examined. The detailed 
combustion investigations have focused on quantifying and finding explanations for changes in radiation heat flux 
behavior, NOx formation and combustion performance/reaction rates between air and oxyfuel operation and between 
different oxyfuel operation modes.  A main challenge is to eliminate plant-specific tendencies and trend and to be 
able to draw generally valid conclusions that will be useful for the future scale-up.  Some of the main observations 
so far have been described in [5]. A more general description of the achieved combustion performance and emission 
data is available in [6] 
5. ESP operation and fly ash properties 
The Electrostatic Precipitator, ESP, has been assessed in terms of performance as well as fly ash properties. 
Process variables under investigation have been the operation mode (Air firing vs. Oxyfuel firing), the ESP current 
(100 – 240 mA), the ESP semipulse (1:1 and 1:3) and the ESP rapping repetition time (high and low).  
The dust collection efficiency of the ESP under oxyfuel conditions was steady and excellent. While decreasing 
the ESP energy input from 41 to 4 kW, the dust concentration increased from ~3 to only 6 mg Nm-1. The average 
dust collection efficiency yielded as much as  = 0.9994 ± 0.0003.  
Under oxyfuel firing, ESP operation was smoother and gained a higher energy input than at air firing. Oxyfuel 
operation showed a ~50% higher level of voltage, i.e. ~65 kV, compared with air firing. During oxyfuel operation, 
the variability of both current and voltage was significantly lower than for air firing. No back corona was observed. 
These positive results are most likely a consequence of the higher level of moisture in the flue gas under oxyfuel 
firing.  
At the operation temperature of the ESP, i.e. ~175°C, the ash resisitivity was uniform within the samples from 
the same ESP field. The ash resistivity from the 2nd active ESP field (1 – 10×1010  cm) was at least one order of 
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magnitude lower than from the 1st ESP field (2 – 4×1012  cm). The ash resistivity fulfilled properties required for a 
high-performance electrostatic precipitation [7]. This observation was confirmed by the mineral composition of the 
ash. 
The concentration of Fe2O3, Na2O and K2O showed a tendency towards higher values under oxyfuel operation. 
The higher their concentration, the better ESP performance is expected. Fe2O3 is considered as a catalyst for SO3. 
The latter improves dust collection [7]. K2O and the water-soluble fraction of Na2O are also improving electrostatic 
particle separation since Na (and possibly K) depletion may lead to back corona. 
Since Al2O3 and SiO2 act as isolators, their sum of concentration in fly ash should not exceed 800 g (kg TS)-1 [7]. 
In air-firing, the concentration was well below that limit in fly ash from the 1st as well as the 2nd active ESP field. In 
oxyfuel operation, the sum of concentration was even lower yielding 183±26 g (kg TS)-1 and 124±12 g (kg TS)-1 in 
fly ash from the 1st and the 2nd active ESP field, respectively. 
Oxyfuel combustion resulted in fly ash containing about twice as much sulfur than fly ash from air firing, which 
is in line with earlier findings [8]. Compared with air-firing, oxyfuel operation generated fly ash with almost the 
same concentrations regarding minerals such as CaO and MgO. 
It is expected that the ESP ash fulfills the compliance criteria as stipulated for reuse in restoration of lignite open-
cast mines. The LOI (loss on ignition) as well as the TOC (total organic carbon) in the ESP ash were stable and 
almost ten times lower than the limit values, i.e. 30 and 10 g (kg TS)-1, respectively. The ash solubility and the 
mobility of contaminants is regulated by means of the DIN S4 leaching test [9]. Only Ba showed an increased 
mobility. So far, however, it is not clear to what extent ESP ash may be mixed with sulfate-rich excess oxyfuel 
process water prior to utilization. The development of an oxyfuel integrated by-product management including FGD 
and FGC by-products is still to be outlined. 
6. Performance of Flue Gas Desulpherisation (FGD) and Condensation (FGC) Equipment 
A wet FGD system is used for removing sulphur components from the flue gas. The FGD system was designed 
by Babcock Noell GmbH using the Babcock and Wilcox´s tray absorber technology with three spray levels and an 
external oxidation tank to avoid in-leakage of oxidation air into the system. Compared to the desulphurisation 
process in conventional fossil fuel fired power plants, special requirements exist for a system in an oxyfuel 
combustion process due to differences in the flue gas composition (CO2 partial pressure, moisture content and acidic 
gas components such as SO2, SO3/H2SO4). Furthermore the connection to the downstream CCS processes imposes 
additional requirements as e.g. higher removal efficiencies and avoidance of in-leakage of non-condensable gas 
components. The main purpose of the tests performed has been to evaluate the removal efficiencies for SO2 but also 
other acidic gas components such as SO3/H2SO4, NOx, HCl and HF and to assess the impact of the oxyfuel 
conditions on the FGD performance and the by-product quality. 
The results show that a good performance of acidic gas removal has been achieved under oxyfuel combustion 
conditions. The performance was obtained under relatively good design and operation conditions. The achievable 
removal efficiencies under the tested conditions are: > 99% for SO2; > 95% for HCl and HF (under the low inlet 
concentration conditions); <40% for SO3/H2SO4 and a small amount of removal of NOx.  
The achievable concentrations of the acidic gas components in clean gas under the testing conditions are: SO2 < 
20 mg/Nm³, dry; SO3 < 10-30 mg/Nm³, dry (with some uncertainty); HCl and HF < 1 mg/Nm³, dry (with some 
uncertainty). 
The achievable gypsum quality under the tested conditions is good and the gypsum content could be > 95% if 
high-quality chalk can be used for the FGD system. 
No fundamental problems have been observed for the desulphurization processes under the oxyfuel combustion 
conditions. The influence of higher partial pressure of CO2 on the limestone dissolution and the absorption of SO2 as 
well as on the gypsum quality is limited in the tested FGD system. 
 
To reduce the temperature of the flue gas and to remove water prior to the compression and liquefaction, a two-
stage spray column direct contact cooler is used in the pilot plant. To further remove sour gas components, a 
neutralization of the condensate with NaOH is performed in the second stage. The main operational parameters 
which are the washing water flow rate and the pH in the second stage have been investigated with respect to the 
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removal efficiency for water and sour gas components. Furthermore the composition of the condensate, which is an 
emission stream from the oxyfuel process, has been analyzed for major components and contaminants. 
The flue gas temperature is reduced in the FGC from around 69°C after FGD to approx. 29°C after FGC, 
reducing the moisture content to approx. 3,5 vol%. The SO2 removal efficiency was found to be pH dependent, as 
expected, varying between 92% and 98% at low inlet concentrations. Apart from the influence on the removal 
efficiency for SO2, the pH value also influences the solubility of CO2. For pH values above 6,5, a strong increase in 
the carbonate concentration was found. Although the associated loss of CO2 from the flue gas is negligible 
compared to the overall CO2 balance, the additional uptake of CO2 in the condensate increases the NaOH 
consumption considerably. 
The analysis of the condensate shows no significant accumulation of contaminants such as e.g. heavy metals. 
7.  Tests of CO2 (Gas) Processing Unit (GPU) 
The CO2 processing unit has been designed by Linde-KCA-Dresden GmbH [10]. The performance tests of the 
CO2 processing unit has been divided into three parts, each with different focuses: (1) compression process (warm 
section) – to investigate NOx behavior in the pressurised process, (2) dehydration process – to evaluate adsorption 
and desorption characteristics of moisture and important trace components such as SOx, NOx, and (3) non-
condensable gas separation (cold section) - to determine the CO2 separation efficiencies at the key equipments and 
overall CO2 recovery rates under various load conditions. The vent stream of the GPU has been characterized in 
terms of mass balance and emissions as well. 
The results of the warm section tests indicate that significant amount of NO (up to 80%) could be oxidised to 
NO2 during the compression. The conversion rates of NO to NO2 mainly depend on pressure and residence time of 
the gas stream. NOx removal could be achieved by the absorption of NO2 into the condensates, which are formed 
during the compression and introduced by inter-cooling. Up to 40% of NOx could be moved out, mainly depending 
on NO2 absorption efficiency.  
The behavior of NOx in the molecular sieve based dehydration process has been characterised for both operation 
and regeneration processes. Significant retention of NOx (mainly NO2) has been identified during the operation 
process. The concentration profiles (the release curves) of important components have been determined under a 
given regeneration procedure. The results reveal that both adsorption and conversion of NOx take place on the 
sorbents. Therefore, the design of the dehydration process should consider both moisture removal and the behavior 
of other gas components. 
The conversion and retention characteristics of NOx in the warm section show opportunities as well as challenges 
for handling of the NOx issues. An overall de-NOx concept should be developed to utilize the advantages and avoid 
negative impacts. It is also necessary to compare the conventional upstream de-NOx solutions with the NOx 
retention in the GPU. Both environmental and operational issues should be taken into account for the concept 
development.  
The evaluation of the performance of cold section is in progress. Initial results indicated that the target CO2 
recovery rate (over 90%) has been achieved under the current input gas composition and operation conditions. 
More tests are ongoing or planned in collaboration with GPU suppliers, which include testing of pressurized de-
NOx and/or de-SOx processes, the evaluation of different non-condensable gas separation processes, and the 
investigation of technologies for further recovery of CO2 and O2 from vent gas.     
8. Material Testing 
An extensive test program to gain experience of corrosion behaviour in the oxyfuel atmosphere has been 
implemented as part of the test program in the oxyfuel pilot. The program includes tests of materials used in the 
furnace and boiler section as well as recycle duct. Tests of materials used in different parts of the ESP, FGD and 
FGC and have also been carried out during different oxyfuel conditions. The exposure time during these tests has 
been about 250 hrs up to 1500 hrs. Tests of materials used in vessels and impellers of the CO2 compression and 
purification section are presently being planned.  
The tests in the furnace section has included test of waterwall materials as well as superheater tube materials, 
simulating steam conditions from 540C up to 700C.  Both commonly used materials as well as some new 
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materials that are evaluated in programs such as AD700 and COMTES and also some newly developed materials 
have been included in the tests. First results are reported in [11] and [12]. Results on deposit analysis from deposits 
collected in the furnace as well as initial results from low temperature corrosion related to boiler section and flue gas 
cleaning can be found in the same references.  
The main conclusions so far are that the chemical compositions of the high temperature (superheater) deposits 
from Air and Oxyfuel firing are similar. The initial high temperature corrosion behaviour of the same steels also 
appears to be similar during Air and Oxyfuel firing. This was an unexpected result as levels of SO2 were 
approximately four times greater under oxyfuel conditions as measured after the before the ESP (Table 1). No 
indications of increased carburisation, as indicated by some reported laboratory tests under oxyfuel conditions, have 
been found. Although there is an indication of high waterwall corrosion from the probe tests, we have no 
comparison in air, and waterwall corrosion is susceptible to localised changes which may be due to boiler 
design/fluid dynamics and not oxyfuel combustion. Future tests will focus more on this specific topic. The low 
temperature gradient probe revealed more corrosion in oxyfuel mode and the deposits contained significantly more 
sulphur. Calculations and measurements show that the dewpoint temperature of SO3 has increased due to oxyfuel 
combustion (Table 1). 
9. Summary and Outlook 
The first results have proven that operation in Oxyfuel mode is manageable; all emission limits could be kept and 
projected parameters regarding separation efficiency and CO2 purity have been achieved, and a CO2 capture rate 
>90% has been realized. Switching from air operation to Oxyfuel operation can be done quickly and without any 
problems. Well-proven plant components from chemical industry such as the air separation and CO2 compression 
and Purification unit have successfully been integrated and their interaction with known power plant components 
have been improved. All safety requirements necessary for dealing with pre-dried pulverized lignite, pure oxygen, 
and highly concentrated CO2 have been implemented. Important experience has been gained during the permission 
and commissioning process.  
 
Further tests are planned during the continued operation of the oxyfuel pilot plant. These tests include 
optimization of operating parameters, tests of different burner designs, and investigations of the effects of variations 
in fuel quality. Air Product’s concept for CO2 compression and purification with an internal cooling circuit and CO2 
recovery from the vent gas will also be tested in a slip stream pilot plant, starting at the beginning of 2011. This 
concept also includes a combined SOx and NOx removal system integrated in the hot CO2 compression section. 
Tests are also performed in collaboration with Linde in a slip stream pilot to test Linde’s concept for NOX removal 
during CO2 compression. Future tests to optimize NOx control between upstream and downstream equipment is 
forseen. 
 
The knowledge gained during the planning, design, construction and commissioning process, and relevant operating 
experience will be integrated into the engineering, construction and commissioning of a new-built 250 MWe 
Oxyfuel demonstration plant that is presently planned to be erected at the existing power plant site in Jänschwalde.  
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